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High throughput genotyping is essential for studying the spread of multiple antimicrobial resistance. A test oligonucleotide m
esigned to detect 94 antimicrobial resistance genes was constructed and successfully used to identify antimicrobial resistance ge
trains. The microarray was then used to assay 51 distantly related bacteria, including Gram-negative and Gram-positive isolate
n the identification of 61 different antimicrobial resistance genes in these bacteria. These results were consistent with their k
ontent and resistance phenotypes. Microarray results were confirmed by polymerase chain reaction and Southern blot analysis.
emonstrate that this approach could be used to construct a microarray to detect all sequenced antimicrobial resistance genes
acteria.
ublished by Elsevier B.V. on behalf of International Society of Chemotherapy
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. Introduction

Shortly after the introduction of antimicrobials to treat
acterial infections, resistance to these compounds was
bserved in the bacteria they initially controlled[1]. The
evelopment of antimicrobial resistance in bacteria renders
ome infections untreatable today and antimicrobial resis-
ance is now a major health concern[2]. Although many
ifferent mechanisms are responsible for antimicrobial resis-

ance, two main genetic events generate the majority of
ntimicrobial resistance currently observed: the mutation of
ative genes to resistant alleles; and the acquisition of foreign
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genes (either chromosomal or extrachromosomal) that c
a resistant phenotype[3]. Foreign genes have been the sub
of intense investigation because they can be acquired
zontally via conjugation, transformation or transduction,
they may be transmitted in groups of genes on plasmids, t
posons or integrons as often observed in multidrug-res
(MDR) bacteria[4]. Currently, resistant bacterial phenoty
are characterised by growth in the presence of antimicro
using test methodology such as Sensititer

TM
broth microdi-

lution, Etest and disk diffusion[5,6]. Identification method
for the genes that cause resistance have typically been li
to techniques such as polymerase chain reaction (PCR
Southern blotting, which can be cumbersome and can
detect one or a few genes at a time[7]. Therefore, identify
ing the genes responsible for resistance can require ar
screening for hundreds of possible antimicrobial resist
genes.
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With recent technical advances, it is now possible to detect
thousands of genes simultaneously using DNA microar-
rays [8]. Several studies have reported the development of
microarrays, including arrays for the detection of antimi-
crobial resistance genes, using PCR product probes[8–10].
However, construction of these microarrays is time con-
suming and requires a template for each gene of interest,
design and synthesis of gene-specific primers, PCR synthe-
sis, gel scoring, and purification of PCR products before
a functional microarray can be constructed. These diffi-
culties are avoided in a microarray incorporating synthetic
oligonucleotide probes, an approach that has been frequently
described for gene expression and comparative genomic
hybridisations[11–14]. Recent studies have reported the
design of oligonucleotide microarrays for the detection of
antimicrobial resistance genes in eitherSalmonella enterica
or Gram-positive bacteria[15,16]. However, the potential of
horizontal gene exchange between distantly related bacteria
necessitates the development of a common detection system
to study the spread of antimicrobial resistance in all bacte-
ria. This study presents the design and construction of a test
DNA microarray for the detection of antimicrobial resistance
genes in virtually any bacteria. The techniques described in
this report enable efficient and inexpensive design and con-
struction of customised oligonucleotide microarrays for the
detection of multiple antimicrobial resistance genes regard-
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was repeated until a suitable oligonucleotide was designed
for each gene. Although these diverse genes varied in their
GC content, the range ofTm values for these probes was
67.83◦C to 76.68◦C, which was appropriate for the hybridi-
sation conditions[22]. Probes were synthesised (Qiagen,
Germantown, MD) with the addition of a universal linker (5′-
CTAGATCGAC-3′), a C-6 spacer and an amino modification
at the 5′ end. For quality control, 12 probes were synthesised
in duplicate or triplicate and arrayed independently (indicated
in Tables 1 and 2by * ).

2.2. Microarray construction

Oligonucleotide probes were dissolved in 50% dimethyl-
sulphoxide at a concentration of 40�M and spotted in trip-
licate onto Corning UltraGAPS slides (Corning Inc., Life
Sciences, Acton, MA) with an Omnigrid robot (Genema-
chines, San Carlos, CA) and post processed as previously
described for PCR product arrays[22]. Approximately 5000
PCR probes from aS. enterica microarray were also spotted
onto the slide. TheSalmonella microarray has been described
previously[22,23]and covers 99.4% of theS. enterica serovar
Typhimurium LT2 genome (4466 genes) and 98.3% of the
S. enterica serovar Typhi CT18 genome (4521 genes). The
PCR products are used as internal controls for the quality of
hybridisations. The PCR probe for the 23S ribosomal RNA
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ess of the host bacteria. These methods can be us
onstruct a microarray to detect nearly all sequenced an
robial resistance genes simultaneously. This type of too
e key to understanding the acquisition, transmission
issemination of antimicrobial resistance in pathogenic
ommensal bacteria.

. Materials and methods

.1. Oligonucleotide probe design

The sequences of 94 genes (Table 1) to be detecte
ere obtained from the National Center for Biotechn
gy Information (NCBI) database (http://www.ncbi.nlm.nih
ov/). When possible, standard nomenclature (http://faculty.
ashington.edu/marilynr/) for these genes was appli

17–19]. In cases without generally agreed upon nam
he name in the GenBank annotation corresponding t
equence accession number was used. All possible 7
robes for all genes were analysed with the program M

NG [20] to determine their melting temperature (Tm). The
verageTm for all probes was 72.74◦C. For each gene, th
robe closest to the averageTm of all probes was selecte

or further analysis. The probe was discarded if it conta
n 8-mer mononucleotide or dinucleotide repeat, or a
nnealing sequence. BLAT[21] analysis of the probes again

he NCBI database was used to determine whether the
as unique to the resistance gene(s) of interest. Probe

ailed at any step were discarded and the selection pr

t

ene (rrlH) is an internal control for bacterial genomic DN
ybridisation.

.3. Strains, growth conditions and antimicrobial
usceptibility

The fully sequenced control strains wereS. enterica
erovar Typhimurium LT2 (S. Typhimurium LT2)[24] andS.
nterica serovar Typhi CT18 (S. Typhi CT18)[25]. Entero-
occus control strains obtained from the American Type C
ure Collection (ATCC, Manassas, VA) are indicated by t
TCC numbers inTable 2.Enterococcus faecium 10N551023

26], Staphylococcus aureus RN4220[27] andStreptococcus
yogenes O2C1061[28] have been previously described
heir corresponding references. Test isolates ofSalmonella
erovars,Escherichia coli, Enterococcus spp. andCampy-
obacter jejuni were obtained from the National Antim
robial Resistance Monitoring System (NARMS) bacte
ollection. Phenotypic analysis was conducted as previo
escribed (http://www.cdc.gov/narms/). Bacteria were grow

rom frozen stock cultures stored at−70◦C by standard meth
ds with appropriate media.Salmonella and E. coli were
rown in Luria–Bertani (LB) media, on LB agar or blo
gar plates (BAPs) at 37◦C as indicated.Campylobacter were
rown on Campy-Cefex plates and incubated at 42◦C for 48 h
nder microaerobic conditions (5% O2, 10% CO2 and 85%
2) in zip-top storage bags.Enterococcus spp. were grown i
B, brain–heart infusion (BHI) media or on BAPs. Susc

ibility testing for Salmonella, E. coli andEnterococcus was
erformed using custom-made broth microdilution plate

http://www.ncbi.nlm.nih.gov/
http://faculty.washington.edu/marilynr/
http://www.cdc.gov/narms/
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Table 1
Genes and corresponding probes used in construction of the antimicrobial resistance microarray
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Table 1 (Continued )

aAntimicrobial resistance genes are named according to the corresponding GenBank accession number; genes may have multiple names.* Indicates genes with multiple identical probes.
bAntimicrobial resistance classes are those described in GenBank annotations.
cOligonucleotide probes are the coding (sense) strand of the genes.
dAccession numbers from GenBank are for one annotation of each gene; multiple accession numbers and annotations may exist for some genes.
eProbe location numbers correspond to the position on the microarray and to the numbers inFig. 2.
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Table 2
Genotypes of isolates as detected by microarray hybridisation

Positive hybridisations are indicated by a filled block (�); negative hybridisations are indicated by an open block (�).
aIsolates: SE,Salmonella enterica; Tm, serovar Typhimurium; Tc, serovar Typhimurium variant Copenhagen; Np, serovar Newport; Mo, serovar Montevideo;
Ty, serovar Typhi; Db, serovar Derby; Hd, serovar Heidelberg; Kt, serovar Kentucky; Rd, serovar Reading; EC,Escherichia coli; CJ,Campylobacter jejuni;
ECF,Enterococcus casseliflavus; EFC,Enterococcus faecalis; EFM, Enterococcus faecium; EGM, Enterococcus gallinarum; SAR, Staphylococcus aureus;
SPY,Streptococcus pyogenes. Isolates used for the conjugation: recipient (SE Tm JG798 rec.), donor (SE Np JG1198 donor) and transconjugant (SE Tm JF217
trans.) are indicated.
* Indicates genes with duplicate or triplicate probes.
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the SensititerTM system (TREK Diagnostic Systems, Inc.,
Westlake, OH). Clinical and Laboratory Standards Institute
(CLSI; formerly National Committee for Clinical Laboratory
Standards) guidelines for interpretation and recommended
quality control organisms were used.Campylobacter isolates
were tested following CLSI guidelines using the Etest (AB
Biodisk, Piscataway, NJ)[5,6].

2.4. DNA extraction and labelling

Genomic DNA from Salmonella, E. coli and Gram-
positive bacteria was extracted from 5 mL of overnight
cultures grown in LB (Gram-negative bacteria) or BHI
(Gram-positive bacteria) media using the GenElute Bacterial
Genomic DNA kit (Sigma, St Louis, MO) following spe-
cific instructions for Gram-negative and Gram-positive bacte-
ria, respectively.Campylobacter genomic DNA was isolated
from colonies collected from Campy-Cefex plates using the
Puregene DNA isolation kit (Gentra Systems, Minneapolis,
MN) according to the manufacturer’s directions. DNA was
labelled with Cye dye-labelled dCTP (Amersham, Piscat-
away, NJ) via random priming and extension with Klenow
fragment (New England Biolabs, Beverly, MA), followed
by purification with a Qiagen PCR clean-up kit (Qiagen,
Valencia, CA) as previously described[29]. DNA from exper-
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Fig. 1. Hybridisation results for theSalmonella genome antimicrobial resis-
tance gene composite microarray. A single subarray from the 16 that make
up the microarray is shown. The image is an overlay of hybridisation images
of Salmonella enterica serovar Typhimurium LT2 (green) and serovar Typhi
CT18 (red). LT2-specific gene probes are green, CT18-specific gene probes
are red, and common gene probes appear yellow/orange. The ten oligonu-
cleotide antimicrobial resistance gene probes on the bottom row are num-
bered as inTable 1. Background corrected and normalised intensity units (IU)
for CT18 hybridisation to the antimicrobial resistance gene probes are indi-
cated. The median hybridisation to all probes was 778 IU and the standard
deviation of the negative control was 136 IU. Hybridisations were scored
positive for antimicrobial resistance gene probes 5aph6 and 9dfrA1.

deviations (1209 IU inFig. 1). Each interpretation yielded
similar results. Therefore, an arbitrary cut-off of a median
intensity above 2000 IU was reported as a positive hybridis-
ation (Table 2) and intensities below 2000 IU were reported
as negative.

2.7. Transfer of resistance genes by conjugation

Conjugations were carried out as previously described
[30]. The donor strain wasS. enterica serovar Newport
JG1198, a strain harbouring a plasmid with theblaCMY-2
gene conferring ampicillin resistance. The recipient strain
wasS. enterica serovar Typhimurium JG798, which was only
resistant to nalidixic acid. Transconjugants were selected
on LB agar containing 100�g/mL ampicillin and 20�g/mL
nalidixic acid for counterselection.

2.8. PCR and Southern blotting

PCR reactions were performed as previously described
[30–32]. Briefly, 100 ng of purified DNA was used as tem-
mental strains was labelled with Cy3, and control DNA fr
. Typhimurium LT2 was labelled with Cy5.

.5. Hybridisation and scanning

Dye-labelled DNA was dried and re-suspended in 80�L
f hybridisation buffer (25% formamide, 5× SSC, 0.1%
odium dodecyl sulphate, 1% bovine serum albumin), bo
or 5 min and applied to the microarray under a LifterS
Erie Scientific, Portsmouth, NH). Hybridisation was p
ormed overnight in a hybridisation chamber (Corning I
ife Sciences, Acton, MA) submerged in a 42◦C water-bath
rotocols suggested by the manufacturer for hybridisatio

ormamide buffer were used for pre-hybridisation, hybr
ation and post-hybridisation wash processes. Microa
ere scanned with a ScanArray Lite Laser scanner (Pa
ioChip Technologies, Billerica, MA) using ScanArr
xpress 1.1 software.

.6. Data analysis

Images were analysed and quantified using QUANT
AY 3.0 software (Packard BioScience). Hybridisation
al intensities were measured by adaptive quantification

owed by local background subtraction, and the median
he triplicate spots were recorded. The control strain hyb
ations were used to evaluate three techniques for interp
he quantitative data: (1) an arbitrary cut-off of 2000 inten
nits (IU); (2) a cut-off of two times the median of hybri
ation intensity to all 70-mer probes (1556 IU inFig. 1);
nd (3) a cut-off of the negative control plus two stand
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plate; products were separated by 1% agarose gel elec-
trophoresis in 1× TBE buffer and visualised with ethidium
bromide and ultraviolet transillumination. Presence of a prod-
uct of the appropriate size was verified visually by compar-
ison with positive controls. Southern blots were performed
on purified genomic and plasmid DNA with a TurboBlot-
ter (Schleicher & Schuell BioScience, Inc., Keene, NH) as
previously described[30,33]. LabelledblaCMY-2 probes for
the Southern blot analysis were prepared by PCR amplifica-
tion using a Genius DIG labelling kit (Roche, Indianapolis,
IN) and visualised with anti-DIG antibody and BCIP-NBT
reagents.

3. Results

3.1. Design of oligonucleotide probes and validation of
the antimicrobial resistance gene microarray
construction

To test the application of oligonucleotide probes for the
detection of sequenced antimicrobial resistance genes, 94
genes and genetic elements associated with antimicrobial
resistance were chosen for probe design (Table 1). These were
selected from a list of genes reported inE. coli, S. enterica,
Campylobacter spp. andEnterococcus spp. as well as in other
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arrays that make up this compositeSalmonella antimicrobial
resistance gene microarray. Labelled LT2 DNA hybridised
to LT2-specific PCR probes (green) and to probes in com-
mon with CT18 (yellow/orange). Similarly, labelled CT18
DNA hybridised to CT18-specific (red) and LT2 shared PCR
probes (yellow/orange). As expected, DNA from the sensitive
LT2 strain did not hybridise to any of the 70-mer antimicro-
bial resistance gene probes. However, CT18 DNA hybridised
with 12 antimicrobial resistance gene probes on the microar-
ray, two of which,aph6 (strB) anddfrA1, are on the subarray
shown inFig. 1. Quantitative image analysis showed that
local background was less than 300 IU and the non-specific
hybridisation to the 70-mer probes was less than 1000 IU,
which were similar to those observed for PCR probes, indi-
cating that 70-mer probes performed as well as PCR probes
under these conditions.

Fig. 2shows the staining of all oligonucleotides present in
the antimicrobial resistance microarray with Sybrgreen II®

(Fig. 2A) and the result of their hybridisation with the labelled
CT18 DNA (Fig. 2B). Hybridisation intensities above the
2000 IU cut-off were scored as positive and were confirmed
by visual inspection of the image. Positive hybridisations
were detected to probes 5, 9, 15, 19, 21, 22, 27, 28, 29,
33, 36 and 43 corresponding to genesaph6 (strB), dfrA1,
aph3” (strA)* , tnpA, blaTEM, intI1* , tnpM, aph3” (strA)* ,
aadA1, sulII, intI1* andcat4, respectively (* indicates dupli-
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acteria (reviewed in[34–40]). Genetic elements were ch
en from the published literature to represent a wide r
f antimicrobial resistance genes. The protocol describ
ection2.1was used to design the oligonucleotide probe
icroarray construction.
The oligonucleotides designed for the detection of an

robial resistance genes were synthesised and spotte
microarray ofS. enterica PCR products that had be

onstructed from two sequenced strains[22]. This approac
llowed the 70-mer probes to be tested in the context
orking microarray and compared directly with PCR pro

anging in size from 45 bp to 6108 bp with an average
f 866 bp. Duplicate or triplicate probes for 12 genes w

ndependently synthesised and arrayed for quality co
indicated by* in Table 1). After printing and post proces
ng using standard methods for the PCR product microa
Corning), the arrays were evaluated with Sybrgreen®

taining (Molecular Probes, Eugene, OR)[41]. Analysis of
he array images showed that 70-mer probes treated as r
ended for PCR products produced spots with compa
orphology and amount of DNA as spots produced f
CR products (data not shown).

.2. Antimicrobial resistance gene microarray
ybridisation to control strains

Initial test hybridisations were performed using t
. enterica strains with published sequences, ser
yphimurium strain LT2 (antimicrobial sensitive) and sero
yphi strain CT18 (multidrug resistant)[24,25]. Fig. 1shows
hybridisation of LT2 and CT18 DNA to one of the 16 s
-

ate probes). The results of quantitative analysis of thS.
yphi CT18 hybridisation are shown inTable 2, with detected
enes indicated by filled blocks. Seven antimicrobial re

ance genes were detected, includingaadA1 (aminoglyco-
ide),cat4 (chloramphenicol),dfrA1 (trimethoprim),aph3”
strA) and aph6 (strB) (streptomycin),sulII (sulfonamide
ndblaTEM (ampicillin). In addition, three mobile eleme
enes were also detected:tnpA (Tn21 transposon),tnpM
Tn21 transposon) andintI1 (Class I integrase). Compa
on of the sequence of the probes with the published C
equence showed that all of the probes perfectly ma
he genes they detected (70/70 nt) except forcat4, tnpA
nd intI1, which had a single mismatch (69/70 nt)[25].
he microarray results confirmed the presence of the an
robial resistance genes previously identified on the C
HCM1 plasmid by sequence analysis[25]. These gene
ere previously designated asdhfr1b (trimethoprim),sulII

sulfonamide),catI (chloramphenicol),bla (TEM-1; ampi-
illin) andstrAB (streptomycin) in several studies of pHCM
34,42]. The microarray results were also consistent with
DR phenotype previously reported for CT18[34,42].
Oligonucleotide probe 18 foraadA1b hybridised at a low

evel to the CT18 DNA (Fig. 2). Sequence comparison of t
robe with the related CT18aadA1 gene revealed 17 co

iguous identical nucleotides. However, this gene was sc
s not present due to a hybridisation intensity of 1367
hich was less than the threshold of 2000 IU. As expe

hetet(A) andtet(R) genes on pHCM1 were not detected
he microarray since thetet(AR) alleles chosen for microa
ay probe design were divergent from those found on pHC



J.G. Frye et al. / International Journal of Antimicrobial Agents 27 (2006) 138–151 145

Fig. 2. Visualisation and hybridisation results for the antimicrobial resistance gene microarray. All 16 subarrays of the antimicrobial resistance gene microarray
are shown. (A) Detection of oligonucleotide probe spots by Sybrgreen II® staining. The number assigned to the oligonucleotide on the microarray corresponds
to its target gene listed inTable 1. (B) Hybridisation results forSalmonella enterica serovar Typhi CT18 DNA. Hybridisations were scored positive for the
following antimicrobial resistance genes and transfer elements: 5aph6 (strB), 9 dfrA1, 15 aph3” (strA)* , 19 tnpA, 21 blaTEM, 22 intI1* , 27 tnpM, 28 aph3”
(strA)* , 29aadA1, 33sulII, 36 intI1* and 43cat4 (* indicates duplicate probes).

(less than 15 contiguous identical nucleotides and 43/70 nt
over the length of the probe). The identical probes (denoted
with a * ) exhibited equivalent hybridisations and resulted in
the same absence or presence call for their genes, verifying
the consistency of probe synthesis, microarray construction
and hybridisation across the surface of the slide (data not
shown). For the remainder of the isolates analysed in this
study, Cy5-labelled LT2 was included in all hybridisations for
quality control, and genes were scored positive if the hybridi-
sation was above the 2000 IU threshold. Genes detected by
the microarray are indicated inTable 2by a filled block.

3.3. Antimicrobial resistance gene microarray analysis
of test isolates

The ability of the microarray to detect resistance genes in
diverse bacterial strains was tested by hybridising DNA from
a variety of resistant and sensitive isolates with unknown
gene content. These bacteria and their phenotypic antimicro-
bial resistance patterns determined by growth in the presence
of the antimicrobial are shown inTable 3, whilst hybridisa-
tion results are shown inTable 2. Hybridisation results from
a range ofS. enterica serotypes correlated well with the resis-
tance patterns observed in these isolates. For example, MDR
strain SE Tc JF201 was found to have 16 antimicrobial resis-
tance genes encoding resistance for aminoglycosides, chlo-

ramphenicol,�-lactams, trimethoprim, sulfonomides and
tetracycline (Table 2). These results are in agreement with the
observed phenotype of this strain, which was resistant to all
antimicrobials tested except the fluoroquinolones (Table 3).
As expected, the hybridisation of antimicrobial-sensitive iso-
lates SE Np JF204 and SE Np JF205 did not detect any
antimicrobial resistance genes in these strains. Similarly, for
most other isolates tested, the resistance genes detected by
the microarray are consistent with the phenotype determined
by growth with the corresponding antimicrobial compound.
There were some exceptions where resistance genes were
detected by the microarray but not detected by phenotype,
such as theaacC1 gene (encoding gentamicin resistance)
in SE Mo JF209. These results were expected, since genes
detected by hybridisation may not be functional or expressed
during phenotypic tests. Conversely, some isolates were resis-
tant to antimicrobial compounds but no genes were detected
by hybridisation, likely due to the lack of a probe on the
test microarray. An example of this is SE Rd JF216 that was
resistant to gentamicin but had no gene detected.

The microarray was also tested for its ability to detect
genes inE. coli, which is a commensal organism as well
as a primary pathogen and is a potential reservoir/donor for
antimicrobial resistance and MDR genes on plasmids, phage
and transposons[43]. TwelveE. coli strains were hybridised
to the microarray. The labelled DNA for all strains hybridised
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Table 3
Antimicrobial susceptibility phenotypes of isolates used in this study

Clinical and Laboratory Standards Institute (CLSI) breakpoints were used to determine resistance phenotype. Filled block (�), resistant; S, susceptible; I,
intermediate; ID, indeterminate (due to lack of CLSI standard); open block (�), not assayed.
aAntimicrobials: AMK, amikacin; AMC, amoxicillin/clavulanic acid; AMP, ampicillin; APR, apramycin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone;
CEF, cefalothin; CHL, chloramphenicol; CIP, ciprofloxacin; IPM, imipenem; GEN, gentamicin; KAN, kanamycin; NAL, nalidixic acid; STR, streptomycin;
NIL, sulfanilamide; TET, tetracycline; TIC, ticarcillin; SXT, trimethoprim–sulphamethoxazole; AZM, azithromycin; CLI, clindamycin; ERY, erythromycin;
FEP, cefepime; BAC, bacitracin; FLA, flavomycin; LIN, lincomycin; LZD, linezolid; NIT, nitrofurantoin; PEN, penicillin; Q-D, quinupristin/dalfopristin
(Synercid); TYL, tylosin; VAN, vancomycin.
bIsolates: SE,Salmonella enterica; Tm, serovar Typhimurium; Tc, serovar Typhimurium variant Copenhagen; Np, serovar Newport; Mo, serovar Montevideo;
Ty, serovar Typhi; Db, serovar Derby; Hd, serovar Heidelberg; Kt, serovar Kentucky; Rd, serovar Reading; EC,Escherichia coli; CJ,Campylobacter jejuni;
ECF,Enterococcus casseliflavus; EFC,Enterococcus faecalis; EFM, Enterococcus faecium; EGM, Enterococcus gallinarum; SAR, Staphylococcus aureus;
SPY,Streptococcus pyogenes. Isolates used for the conjugation: recipient (SE Tm JG798 rec.), donor (SE Np JG1198 donor) and transconjugant (SE Tm JF217
trans.) are indicated.

to the PCR probe for the 23S ribosomal RNA gene (a univer-
sal positive control for bacterial DNA) as well as to ca. 70%
of the otherSalmonella genes shared byE. coli. The antimi-
crobial resistance gene oligonucleotide probes detected more
than a dozen antimicrobial resistance genes and mobile ele-
ments in each of the eight MDRE. coli strains assayed; many
of these genes were common to those found in theS. enterica
MDR strains (Table 2). The 70-mer probes also performed
as expected with sensitive strains EC JF221 and EC JF226
(Table 3), having very few hybridisations to antimicrobial
resistance gene probes (Table 2). Similar to theSalmonella
strains, theE. coli results correlated well with the resistance
patterns determined by phenotypic analysis (Table 3).

The microarray was tested for its ability to detect antimi-
crobial resistance genes inCampylobacter. LabelledC. jejuni
DNA hybridised only to theSalmonella PCR probe for the

23S ribosomal RNA gene (data not shown). As expected,
no other PCR probes showed positive hybridisations owing
to the significant sequence divergence in genes common to
Salmonella andCampylobacter. All but one of theC. jejuni
strains tested hybridised to the oligonucleotide probes for
thecmeABCR genes, and all strains resistant to tetracycline
(Table 3) hybridised to thetet(O) probe (Table 2) [37,44–46].
The aphA-3 gene was identified in one isolate. This gene
has previously been found inCampylobacter and is simi-
lar in sequence to theEnterococcus spp.aphA-3 gene that
the probe was designed to detect[47]. This high similar-
ity in sequence could explain the hybridisation of this strain
with theaphA-3 antimicrobial resistance gene probe. As with
the other Gram-negative bacteria, the resistance phenotypes
of the tested strains were consistent with the genes detected
(Tables 2 and 3).
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Gram-positive bacteria are also known to act as reser-
voirs of antimicrobial resistance genes, plasmids and trans-
posons.Enterococcus, Staphylococcus and Streptococcus
spp. were used as Gram-positive representatives for hybridi-
sation to the microarray. None of the Gram-positive strains
tested hybridised with anySalmonella gene PCR product
probes except the 23S ribosomal RNA gene positive con-
trol. These Gram-positive bacteria were positive control
strains for the PCR analysis of specific antimicrobial resis-
tance genes[31,32,48]. These genes were detected by the
microarray and includedaphA-3 in EFM 10N551023,aadE
in EFC ATCC49533,vanC in EFC ATCC25788,erm(C)
in SAR RN4220,erm(B) in SPY O2C1061,vanC in EGM
ATCC49573,vanB2 in EFC ATCC51299 andvanA in EFM
ATCC51599. Additional antimicrobial resistance genes were
also detected by microarray analysis and were generally
consistent with the resistance phenotypes of these bacteria
(Tables 2 and 3).

3.4. Antimicrobial resistance gene microarray analysis
of gene transfer by conjugation

Antimicrobial-resistant bacteria can harbour antimicro-
bial resistance genes on multiple plasmids, some of which can
be transferred from one bacterium to another[4,30,49,50].
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donor (SE Np JG1198 donor) and the transconjugant (SE Tm
JF217 trans.) except for nalidixic acid, used for counterselec-
tion in the recipient (SE Tm JG798 rec.), and gentamicin in
the donor (SE JG1198 trans.) (Table 3). Because no gentam-
icin resistance gene was detected by the microarray, it was not
determined whether this gene was transferred to the recipient
strain.

3.5. Verification of antimicrobial resistance gene
microarray results by alternative methods

Of all the strains tested, only two (the fully sequenced
Salmonella LT2 and CT18) were highly defined for antimi-
crobial resistance gene content. Several of the strains were
known to harbour one specific gene but demonstrated
hybridisations to multiple antimicrobial resistance gene
probes (Table 2). To confirm hybridisation results, 11 genes
were chosen for detection by PCR. The genes and primer
sequences used in PCR confirmation are shown inTable 4
and the strains tested and their PCR results are listed in
Table 5. The majority of PCR results (166/177) were consis-
tent with the microarray data, and positive controls for each
PCR reaction yielded amplification products of the correct
size (data not shown). However, PCR and microarray hybridi-
sation data differed for genes in 11 of 177 isolates as indicated
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he microarray to do this, it was used to monitor the in v
ransfer of antimicrobial resistance genes on a MDR pla
rom a donor strain (SE Np JG1198 donor) to a recipient s
SE Tm JG798 rec.) by conjugation. Transfer of a plas
ncoding theblaCMY-2 gene was confirmed by Southern b
etection[51] of the plasmid in the transconjugant (data
hown). Microarray hybridisations detected eight antimi
ial resistance genes includingblaCMY-2,dfrA1,aph3” (strA),
ph6 (strB), sulII, tet(A), tet(R) andtnpA in both the dono
SE Np JG1198 donor) and the transconjugant (SE Tm J
rans.), but none in the recipient (SE Tm JG798 rec.) (Table 2).
ensititer analysis verified identical resistance patterns

able 4
olymerase chain reaction primers used to confirm the status of antim

ene Forward primer

phA-3 CTGATCGAAAAATACCGCT
laCMY-2 GACAGCCTCTTTCTCCACA
laROB-1 TGTTTGCAATCGCTGCC
meB GACGTAATGAAGGAGAGCCA
rm(B) TAACGACGAAACTGGCTAAAAT
rm(C) AGTACAGAGGTGTAATTTCG
et(O) TAATGAAGATTCCGACAATT
anA CATGAATAGAATAAAAGTTGCAATA
anB2 AAGCTATGCAAGAAGCCATG
anC CGGGGAAGATGGCAGTAT
ntI1 ACATGTGATGGCGACGCACGA
y hatched boxes inTable 5. Nine of these were PCR po
tive and microarray negative, for example SE Np JF2
hich was PCR positive for theblaCMY-2 gene but negativ
y hybridisation to theblaCMY-2 probe on the microarra
onversely, two were PCR negative and microarray pos

or example EFM ATCC51599 hybridised to thevanB2 probe
n the microarray but was negative by PCR analysis.

Another method for analysis of antimicrobial resista
enes is detection of the gene by Southern blot hybridisa
his technique requires many steps but has the adva

hat it may also identify the genetic element on which
arget gene resides. This approach was used to determi
resence of theblaCMY-2 gene in theS. enterica isolates SE
p JG1198, SE Tm JG798, SE Tm JF217, SE Tc JF
E Tm JF212, SE Hd JF214 and SE Rd JF216. TheblaCMY-2
ene was detected in all strains except for the negative co
E Tm JG798[51]. The gene was located on plasmids in th

al resistance genes

Reverse primer Refere

ACAATCCGATATGTCGATGGAG [17]
TGGACGAAGGCTACGTA [3]
TTATCGTACACTTTCCA [13]
CTGATCCACTCCAAGCTATG [41]
ATCTGTGGTATGGCGGGTAAG [44]
AATTCCTGCATGTTTTAAGG [44]
CGGCAACAGTATTTCGTT [18]

CCCCTTTAACGCTAATACGATCAA [26]
CCGACAATCAAATCATCCTC [26]
CGCAGGGACGGTGATTTT [35]
ATTTCTGTCCTGGCTGGCGA [13]
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Table 5
Correlation between microarray data and polymerase chain reaction (PCR)

a Isolates: SE,Salmonella enterica; Tm, serovar Typhimurium; Tc, serovar Typhimurium variant Copenhagen; Np, serovar Newport; Mo, serovar Montevideo;
Ty, serovar Typhi; Db, serovar Derby; Hd, serovar Heidelberg; Kt, serovar Kentucky; Rd, serovar Reading; EC,Escherichia coli; CJ,Campylobacter jejuni;
ECF,Enterococcus casseliflavus; EFC,Enterococcus faecalis; EFM, Enterococcus faecium; EGM, Enterococcus gallinarum; SAR, Staphylococcus aureus;
SPY,Streptococcus pyogenes. Isolates used for the conjugation: recipient (SE Tm JG798 rec.), donor (SE Np JG1198 donor) and transconjugant (SE Tm JF217
trans.) are indicated.

strains that varied in size from ca. 150 Kbp to 200 Kbp (data
not shown).

3.6. Assessment of the antimicrobial resistance gene
microarray performance

The test microarray detected 61 resistance genes in a
variety of bacteria. Confirmation of the hybridisation data
by duplicate probes, phenotypic tests, PCR assays and
Southern blot analysis indicated that the 70-mer oligonu-
cleotide microarray performed well. As with other microar-
rays designed to detect antimicrobial resistance genes, some
probes did not hybridise during testing[15,16]. Thirty probes
did not hybridise with any of the strains tested, however
none of the strains were known to contain the genes these
probes were designed to detect. Interpretation of these nega-
tive hybridisation results as absent genes will require positive
controls, therefore these genes are not listed inTable 2. This
is an important consideration because a microarray designed
to detect all sequenced antimicrobial resistance genes will
contain many hundreds of probes some of which may lack
positive controls. Consequently, negative hybridisations for
probes without positive controls should be interpreted as not
detected rather than absent.

Three probes also gave aberrant results. ThevanD and
vanH probes hybridised to severalSalmonella and E. coli
s d are
f te-
r t the
S tity
t s in
t y, the
p

isolates. Investigation of the sequence used to design the
probe found that the wrong gene had been selected for probe
design. Rather than a multidrug efflux pump, the gene for
methionine sulfoxide reductase fromE. coli was selected.
Data from these three probes were disregarded and are not
reported inTable 2.

4. Discussion

Identification of the antimicrobial resistance genes respon-
sible for resistant phenotypes is made difficult by the require-
ment of multiple assays for each gene or a group of genes[7].
DNA microarray techniques have recently been described for
the simultaneous detection of multiple antimicrobial resis-
tance genes in MDR isolates[9,10,15,16]. In experiments
presented here, we demonstrate that a simple approach to
DNA microarray development can produce a practical tool
for the detection of multiple antimicrobial resistance genes in
a variety of diverse bacteria. The techniques described in this
report offer several advantages over traditional PCR product
microarray construction and demonstrate a simple approach
to produce a working microarray with oligonucleotides. The
target genes were selected from the literature and sequences
were obtained from the NCBI database. Simple programs
such as MELTING[20] and BLAT [21] were employed for
p onu-
c PCR
p rray
c lu-
a ribed
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o ore
trains. These genes confer vancomycin resistance an
ound in Enterococcus spp. and other Gram-positive bac
ia. Analysis of the probe sequences by BLAST agains
almonella andE. coli genomes revealed regions of iden
o several ATP-binding components of transport system
hese Gram-negative bacteria (data not shown). Similarl
robe formsr(A) hybridised to allE. coli and mostSalmonella
robe design and to determine specificity. Synthetic olig
leotide probes eliminated the requirement for template,
rimers, PCR reactions, scoring and clean-up prior to a
onstruction[12]. While this microarray was being eva
ted, a number of oligoarray design tools were desc

52–54] and could be used to facilitate further the des
f oligonucleotide probes for microarray construction. M
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importantly, owing to the continual decline in synthesis fees,
the microarray can easily be expanded by the addition of
oligonucleotide probes to detect thousands more antimicro-
bial resistance, virulence, plasmid, transposon, integron and
phage genes.

In the present study, 70-mer oligonucleotide probes per-
formed as well as PCR product probes on the microarray.
Although extra steps were taken in designing the probes (i.e.
the addition of spacers and amino linkers), it was found that
these were not necessary[55]. The oligonucleotides func-
tioned well when treated in the same manner used for PCR
products and both were compatible on the same array, as
seen inFig. 1. However, some unique features of oligonu-
cleotide probes were identified during this study. The 70-mer
oligonucleotide probes demonstrated higher specificity for
their target genes than the whole open reading frame PCR
products. It has previously been shown that PCR products
can report on genes that are divergent in sequence, whilst
oligonucleotides can only accommodate a few mismatches
within the probe sequence[22]. For example, thetet(A) and
tet(R) probes could only detect certain alleles of those genes.
To detect all members of a gene family, a probe would need to
be designed to hybridise to a region of conserved sequence in
the alleles, or a separate probe would need to be designed to
detect each allele individually. Conversely, this high speci-
ficity offers the advantage of discrimination between indi-
v ned
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g ance
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p very
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of antimicrobial resistance genes between non-related bacte-
ria was demonstrated by the detection of theaphA-3 gene in
C. jejuni as well as inEnterococcus spp.[47]. Additionally,
the conjugation experiments demonstrate that the exchange of
multiple genetic markers can be observed in vitro by microar-
ray. This provides a new tool for the study of these events in
environmental or in vivo animal models. As the numbers of
target genes can be expanded, the microarray can also be used
to observe the horizontal transfer of other genetic elements
not associated with antimicrobial resistance.

We observed occasional discrepancies between microar-
ray results and those of the other methods used (PCR,
Southern hybridisation and phenotypic testing). For example,
EFC ATCC51299 was sensitive to vancomycin (Table 3) but
microarray and PCR analysis each detected thevanB2 gene
(Tables 2 and 5) [38,48]. There are several possible explana-
tions for these results. Some genes may not hybridise to the
microarray owing to divergence within the 70 bp region of
the oligonucleotide probe. It is equally likely that failure of
PCR analysis to detect a gene that hybridised to the microar-
ray could be due to divergence within the region to which
the PCR primers were designed to anneal. The variability
of results from target genes is exemplified byintI1, which
was highly variable, resulting in PCR and microarray analy-
ses that were different for 6 of 30 isolates assayed. BLAST
analysis showed that the PCR primers would amplifyintI1
g hereas
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Another advantage of DNA microarray detection
ntimicrobial resistance genes is that this technique w
n any bacteria from which DNA can be extracted.
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erotypes hybridised to antimicrobial resistance genes
iously found inS. enterica serovar Typhimurium DT 10
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In conclusion, this oligonucleotide microarray was ea
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ifying a variety of antimicrobial resistance genes in dive
acteria. The methods described in this study can be

o design a microarray capable of detecting all seque
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